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AN ANALYTICAL EVALUATION ON RADIAL CONSOLIDATION 
WITH RESPECT TO DRAIN DEGRADATION  
 
 
Thanh Trung Nguyen1, Buddhima Indraratna2 and Cholachat Rujikiatkamjorn3 
1,2,3 Faculty of Engineering and Information Sciences, University of Wollongong, Australia 
 
      ABSTRACT 
 
The use of synthetic prefabricated vertical drains for soil improvement in the past decades has caused a negative 
ecological effect to natural environment due to their long-term existence in soil. The emergence of Natural Fibre 
Drains (NFDs) made from biodegradable materials such as jute, coir and straw in recent years is believed to bring 
an environmentally friendly approach to soft soil treatment. However subjected to adverse soil conditions such as 
pyritic acidic and/or biologically active soil, natural fibres can decay rapidly that results in significant deterioration 
of engineering characteristics of drain during consolidation. This is in particular to severe reduction of drain 
discharge capacity causing a considerable retardation of excess pore pressure dissipation, as a result delays the 
consolidation process of soil. This paper represents an analytical method which can capture the influence of drain 
degradation over time on the radial consolidation of soil. An application of the method to the exponential reduction 
of drain discharge capacity is demonstrated. The result shows a significant retardation of excess pore pressure 
dissipation due to the degradation of drain with supporting evidence from experimental data. The study indicates 
a potential risk when employing NFDs in adverse soils and suggests the importance of exercising caution in 
practices.         
    
 






Prefabricated vertical drains (PVDs) have been 
used worldwide for accelerating consolidation 
process of soil with a wide range of intensive 
technical improvements over the past years for 
example combining vertical drains with surcharge 
and vacuum loading [1]. As an alternative to the 
polymeric PVDs which can cause a considerable 
damage to natural environment,  natural fibre drains 
(NFDs) have been employed widely in South and 
Southeast Asia in recent years since the first 
application of NFDs was introduced by Lee et al. in 
1987 [2]. Most observations at field [3, 4] have 
indicated that NFDs have comparative engineering 
characteristics to synthetic prefabricated vertical 
drains, and hence accelerate the consolidation process 
of soil well. However these applications of NFDs 
were carried out in more inert soft soils which might 
not harm engineering features of drain seriously, but 
in highly acidic and/or bio-active soils, natural fibres 
have the potential to decay much faster. Therefore, 
the degradation of NFDs in adverse soils needs an 
urgent evaluation. 
Natural fibre drains can be made from various 
agriculture products such as jute, coir and straw in 
either circular or band shaped cross-section. Of these, 
jute and coir are the most preferred in practices due to 
their favorable engineering characteristics and 
abundance in developing countries. Coir fibre 
extracted from coconut husks has approximately 30% 
of lignin [5] making the fibre more robust and durable 
than other natural fibres such as jute which contains 
more than 80% of cellulose and only around 12% of 
lignin [6]. 
The degradation of jute fibre basically depends on 
environmental conditions, particularly the acidity and 
biological activities of soil. For example, jute fibre 
can degrade much faster in an ambience having a pH 
value of less than 5.2 or higher than 9 [6, 7]. Since 
acidic soil can be found in many regions around the 
world as reported by [8, 9], the effect of this soil on 
the performance of NFDs must be taken into 
consideration. Moreover, bacteria and fungi in their 
preferred environment can significantly enhance the 
biodegradation of natural fibres, as shown by [4, 7]. 
This paper discusses the effect of drain 
degradation on the radial consolidation of soil on the 
basis of analytical approach. The result from 
analytical method is then compared with those 
obtained from the experimental investigation.     
 
ANALYTICAL APPROACH FOR RADIAL 
CONSOLIDATION WITH RESPECT TO 
DRAIN DEGRADATION       
 
Degradation behaviour of natural fibre drains 
 
As the major function of NFD is to discharge 
excess pore pressure (EPP) of soil, engineering 
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characteristics of the drain are expected to maintain 
until the design target of consolidation is achieved 
(Fig. 1). However previous studies ([4, 6, 7]) 
indicated that natural fibres (i.e., jute, straw) can 
decay rapidly in adverse environments, leading to a 
considerable retardation of the dissipation of EPP. 
Therefore the influence of the over-decay behavior of 




Fig. 1 Degradation of NFDs in relation to 
consolidation process of soil  
 
Biodegradation behavior of NFDs is complicated 
and dependent on a number of factors, including: (i) 
environmental conditions of soil such as pH, 
temperature, activities of microorganisms and so on; 
(ii) properties of natural fibres composing the drain 
e.g., chemical components. A pilot investigation at 
field carried out by Kim and Cho [6] on the discharge 
capacity reduction of several natural fibre drains such 
as straw and jute fibre drains installed in saturated 
clay indicated that the rate of drain degradation varied 
significantly over different seasons in which the 
temperature and humidity changed. 
For simplicity in this study, a number of 
assumptions were made: (i) the degradation of NFDs 
initiated immediately after the drains installed; (ii) 
geometric parameters (i.e., equivalent diameter and 
length) of drains were constant while the discharge 
capacity of drain was varying over time; (iii) the 
degradation was uniform over installation depth; and 
(iv) the reduced discharge capacity reached a limit 
level in which the jute fibres are converted 
completely into organic components of soil.  
 
Incorporating the Drain Degradation into the 
Radial Consolidation of Soil   
 
Based on numerous studies surrounding 
consolidation behavior of soil, the radial 
consolidation theory proposed by Barron [10] and 
later improved by Hansbo [11] is the most preferred 
approach ([12, 13]). According to this method, the 
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In the above, Th is the time factor for horizontal 
drainage: 𝑇ℎ = (𝑐ℎ𝑡)/(𝑑𝑒
2) where ch is the 
consolidation coefficient for horizontal drainage, de is 
the equivalent diameter of drain. uo is the initial EPP. 
𝜇 = 𝜇𝑞 +⁡𝜇𝑛,𝑠 where 𝜇𝑞 = (2𝜋𝑘ℎ𝑙
2)/(3𝑞𝑤) 
represents the influence of discharge capacity of 
drain; and n,s denotes the effect of geometry (i.e., the 
size of smear and influence zones), and is estimated 































− 𝑠2 + 1] 
(2)                                 
 
In the above, n = re/rw; s = rs/rw where re, rs and rw are 
the radius of influence, smear and well zones, 
respectively; kh and ks are the coefficient of 
permeability in the undisturbed and smear zones, 
respectively; l is the length of drain. 
By assuming that geometric parameters of the 
NFD are constant and only the discharge capacity of 
the drain decreases over time when natural fibres are 
decaying, a time-dependent function of discharge 
capacity qw(t) is introduced to the conventional 
method of Hansbo. According to Indraratna et al. 
[12], the average excess pore pressure of a unit cell at 















(3)                                 
  
In the above, V is the total volume of the unit cell. 
Integrating Eq. [3] with constant geometric 
parameters and varying discharge capacity over time 
then re-arranging yield:  




= 0 (4)                                 
 
where h(t) is written as: 
 
ℎ(𝑡) = 𝜒 (𝜇𝑛,𝑠 +
𝜆
𝑞𝑤(𝑡)














































































 (7)                                 
 
Solving the ordinary differential equation Eq. [4] and 











(8)                                 
 
Note that the above describes the radial consolidation 
of soil with respect to any given degradation function 
of discharge capacity qw(t) incorporated into Eq. [4]. 
In order to demonstrate the proposed solution, a 
specific form of qw(t) is required. With reference to 
biological studies [14-16] using mathematical models 
to predict an exponential decay of organic matters 
(e.g., jute, straw), this paper assumes the exponential 




−𝜔𝑡 (9)                                 
 
where  is the decay coefficient that represents the 
rate of degradation of drain discharge capacity and 
qwo is the initial discharge capacity of the drain. 
Apparently  should be within the range [0, +].  
 
Replacing Eq. [9] into h(t) of Eq. [8] and integrating 



















(10)                                 
 
The above describes the dissipation of EPP over time 
with respect to the exponential reduction of drain 
discharge capacity. It is noteworthy that when  
approaches zero (no degradation of drain), Eq. [10] 
turns into the Hansbo’s solution which assumes a 
constant discharge capacity.  
 
Results and discussion  
 
Prefabricated vertical jute drain (PVJD) with an 
equivalent diameter dw of 70 mm was used to 
demonstrate the proposed model with respect to the 
approximation 𝑑𝑤 = 2(𝑎𝑤 + 𝑏𝑤)/𝜋 where aw and bw 
are the thickness and width of the drain. A typical 
PVJD is normally 80-110 mm wide and 6-12 mm 
thick (Fig. 2). The drain had an initial discharge 
capacity qwo of 0.43 m3/day determined by carrying 
out the discharge capacity test in laboratory. Note that 
PVJDs can be installed by using the same method as 
employed for conventional drains, so that smear 
behavior of the soil using PVJDs should be identical 
to the conventional case which has been clarified well 
by Indraratna and Redana [17]. In this investigation, 




Fig. 2 Structure of a typical prefabricated vertical jute 
drain (PVJD) 
 
Fig. 3 Degradation versus no-degradation of drain: a) 
Discharge capacity; and b) Dissipation of EPP 
 
Fig. 3 shows how the proposed analytical solution 
could capture the retardation of the dissipation of EPP 
due to the degradation of drain in comparison with the 
conventional method without drain degradation. In 










kh = 2.5x10-9 m/s;  
ch = 1.58 m2/year 
de = 0.7 m; kh/ks = 3 
s = 11.4; s = 3.4; l = 20m  
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discharge capacity with  = 0.02 day-1 was 
considered. For the period in which the drain 
discharge capacity was large sufficiently (initially 50 
days), the degradation did not influence much on the 
dissipation of EPP, resulted in unclear deviation 
between the two curves. After this period, when the 
discharge capacity of the drain were below 0.1 
m3/day, the dissipation of EPP induced by the 
degradable drain deviated obviously from the 
conventional one. The proposed solution indicated a 
serious obstruction of EPP discharged after 
approximately 200 days, meanwhile this trend could 
not be shown in the conventional solution which did 
not consider any drain degradation. In addition, the 
result showed a critical state of decay where the 
predicted curve was almost horizontal after nearly 
300 days at a residual EPP around 20%. In the critical 
state, the discharge capacity of drain had reached an 
extremely low value (i.e., below 0.01 m3/s), leading 
to a very low rate of dissipation of EPP.  
 
Fig. 4 Degradation with different decay rates: a) 
Discharge capacity; and b) Dissipation of EPP 
 
The radial consolidation of soil induced by a 
degradable drain with respect to various rates ( = 
0.01; 0.02; and 0.03 day-1) of degradation is 
represented in Fig. 4. For the fastest decay of drain ( 
= 0.03 day-1) where the drain discharge capacity 
decreased to 7.0x10-3 m3/s in 150 days, the dissipation 
of EPP started to slow down considerably after almost 
60 days before turning into a critical state of decay 
after only 160 days with a residual EPP of 35%. For 
a smaller range of degradation rates i.e.,  = 0.02 and 
0.01 day-1, the consolidation curves reached a critical 
state after 200 days and 400 days with a residual EPP 
of approximately 20% and 5%, respectively. In 
comparison with the case in which the drain did not 
decay, the degradable drain resulted in an obvious 
retardation of consolidation process.  
The study also showed that the negative influence 
of drain degradation was only obvious when the 
discharge capacity decreased to a certain small value 
which varies up to the properties of soil (e.g., ch) and 
geometric parameters such as the length and space of 
drain. In this investigation, the value of discharge 
capacity that began to obstruct the dissipation of EPP 
considerably was around 0.08 m3/day.   
 
Fig. 5 Comparison of the proposed solution with 
experimental work: a) Exponential curve fitting 
experimental data; b) Dissipation of EPP  
 
In Fig. 5, the consolidation curves obtained by the 
proposed analytical solution and the experimental 
work conducted in the laboratory by Kim et al. [18] 
are compared. A unit cell with de = 0.6 m; ds = 0.3 m; 
dw = 0.05 m and l = 2 m was adopted for computation 
with reference to the laboratory data measured by 
Kim et al. [18]. The drain with an initial discharge 
capacity qwo = 0.014 m3/day and a degradation 
coefficient  = 0.259 day-1 (Fig. 5a) was also obtained 
from the work by Kim et al. [18]. The soil parameters, 
including kh = 3.6x10-10 m/s; ch = 3.154 m2/year and 
the ratio kh/ks = 1.05 were used in this study. 
Fig. 5b shows a good agreement between the 
analytical method and the laboratory data measured 
by Kim et al. [18]. In the first 7 days, the analytical 
curve was almost 5% higher than the laboratory one 
but it became gradually closer to the experimental 
curve in the next 10 days before turning into smaller 
kh = 2.5x10-9 m/s;  
ch = 1.58 m2/year 
de = 0.7 m; kh/ks = 3 
s = 11.4; s = 3.4; l = 20m  
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range. This deviation could be understandable 
because there is a difference in the drain discharge 
capacity between the measured and fitted curves, as 
shown in Fig. 5a. With  = 0.259 day-1 of the 
exponential degradation adopted, a sharp drop in the 
discharge capacity in the first days of the experiment 
could not be captured accurately, resulting in a gap 
between the two curves, as represented in Fig. 5b. 
When the degradation behavior of drain discharge 
capacity observed in the experiment was described 
better by the exponential curve, the dissipation of EPP 
was captured more accurately by the proposed 
method. 
The investigation also indicated that the form of 
the degradation function qw(t) played a decisive role 
in the accuracy of the proposed method in predicting 
the influence of drain degradation on the 
consolidation behavior of soil. In this paper, only the 
exponential degradation of drain was considered but 
it is noteworthy that the proposed analytical solution 
(Eq. 8) can be applied to any given form of qw(t) such 
as convex and concave curves. Determining qw(t) is 
required an intensive investigation into the 
degradation behavior of NFDs subjected to specific 




In this study, an analytical approach incorporating 
the degradation behavior of natural fibre drain into 
the radial consolidation of soil was presented. The 
solution was applied to an assumed exponential 
degradation of drain discharge capacity. Its results 
showed that the dissipation of excess pore pressure 
(EPP) could be retarded significantly when the 
discharge capacity of drain decreased below 0.08 
m3/day. The consolidation process of soil could be 
slowed down seriously when the decay of drain 
turned into a critical state in which the discharge 
capacity was very small. The study also indicated an 
important need of determining the exact form of the 
degradation function qw(t) with respect to specific soil 
conditions to optimize the accuracy of the method.       
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